We have demonstrated a role for activin A, follistatin, and FSH in male germ cell differentiation at the time when spermatogonial stem cells and committed spermatogonia first appear in the developing testis. Testis fragments from 3-day-old rats were cultured for 1 or 3 days with various combinations of these factors, incubated with bromodeoxyuridine (BrdU) to label proliferating cells, and then processed for stereological analysis and detection of BrdU incorporation. Gonocyte numbers were significantly elevated in cultures treated with activin, while the combination of FSH and the activin antagonist, follistatin, increased the proportion of spermatogonia in the germ cell population after 3 days. All fragment groups treated with FSH contained a significantly higher proportion of proliferating Sertoli cells, while activin and follistatin each reduced Sertoli cell division. In situ hybridization and immunohistochemistry on normal rat testes demonstrated that gonocytes, but not spermatogonia, contain the activin ␤ A subunit mRNA and protein. In contrast, gonocytes first expressed follistatin mRNA and protein at 3 days after birth, concordant with the transition of gonocytes to spermatogonia. Collectively, these data demonstrate that germ cells have the potential to regulate their own maturation through production of endogenous activin A and follistatin. Sertoli cells were observed to produce the activin/inhibin ␤ A subunit, the inhibin ␣ subunit, and follistatin, demonstrating that these cells have the potential to regulate germ cell maturation as well as their own development. These findings indicate that local regulation of activin bioactivity may underpin the coordinated development of germ cells and somatic cells at the onset of spermatogenesis.
INTRODUCTION
The development of somatic and germ cells in the early postnatal testis determines the functional potential of the adult testis. In the rat seminiferous epithelium, cessation of Sertoli cell proliferation and the onset of Sertoli cell maturation between birth and day 16 postpartum (Clermont and Perey, 1957; Orth, 1982) coincides with the onset of spermatogenesis and the first wave of germ cell maturation (McCarrey, 1993) . Within a few days after birth, the quiescent germ cells, termed gonocytes, resume mitosis and migrate from their central location in the tubule to contact the basement membrane at the tubule periphery (Kluin and de Rooij, 1981; McGuiness and Orth, 1989) . In this peripheral position the germ cells, termed spermatogonia, form the resident stem cell population which divides by mitosis and differentiates through meiosis and spermiogenesis, forming spermatozoa (reviewed in de Rooij, 1998) .
The mechanisms underpinning this coordinated development are not fully understood, but several regulatory agents have been identified, including FSH and activin. Acting through its receptors located on Sertoli cells (Baccetti et al., 1998; Bockers et al., 1994; Heckert and Griswold, 1991) , FSH has an age-dependent stimulating effect on proliferation in the early postnatal testis. This has been described using several models, including testis fragment cultures (Boitani et al., 1993 (Boitani et al., , 1995 , dissociated cell preparations (Griswold et al., 1977) , and in vivo models (Almiron and Chemes, 1988; Singh and Handelsman, 1996) . The general observations from the in vitro studies indicate that Sertoli cell proliferation in response to FSH is highest immediately after birth and ceases by day 18, corresponding to the pattern observed for normal Sertoli cell proliferation in vivo (Orth, 1982) .
The concept of an important role for activin in early postnatal testis differentiation has emerged from recent studies using in vitro cultures of both testis fragments and dissociated cell preparations, in addition to the localization of activin mRNA and protein within the testis (reviewed in Mather et al., 1997) . The activins are members of the TGF␤ family of growth factors and are formed by dimerization of two subunits termed ␤ A and ␤ B to form three proteins, activin A (␤ A ␤ A dimer), activin B (␤ B ␤ B ), and activin AB (␤ A ␤ B ). The inhibins, which antagonize some of the actions of activins, result from the dimerization of a common ␣ subunit with either ␤ subunit to form inhibin A (␣␤ A ) or inhibin B (␣␤ B ). Both inhibin and follistatin, an activin binding protein with the capacity to antagonize essentially all of the known actions of the activins, are also made in the testis. Several localization studies have demonstrated that in the early postpartum testis the inhibin ␣ subunit protein is expressed in Sertoli cells and Leydig cells but not in germ cells (Cuevas et al., 1987; Madjic et al., 1997; Jarred et al., 1999) . Follistatin mRNA has been reported in Sertoli cells (Kaipa et al., 1992) and in some germ cells of the adult testis (Ogawa et al., 1997; Meinhardt et al., 1998) . Localization of the ␤ A subunit is controversial, with immunoreactivity reported variously in the nuclei of pachytene and zygotene spermatocytes (Shaha et al., 1989) , in the cytoplasm of ovine fetal gonocytes (Jarred et al., 1999) , and absent from rat germ cells at any age (Madjic et al., 1997) .
Data from a previous study using fragment cultures demonstrated an age-dependent change in the roles of activin and FSH as regulators of Sertoli cell proliferation in early postnatal rat testis development (Boitani et al., 1995) . In their study, only the committed spermatogonia of the day 9 testis were reported to have enhanced proliferation in response to the presence of FSH that was inhibited by activin; undifferentiated spermatogonia were not affected by either factor. In other studies, addition of activin A to cocultures of Sertoli and germ cells from the day 20 rat testis increased both spermatogonial proliferation and cord formation (Mather et al., 1990) , and only the latter of these processes was blocked by addition of follistatin .
Thus activin and FSH appear to influence both Sertoli and germ cell proliferation in the postnatal rat testis, and their affect on Sertoli cells has been shown to change during postnatal development. However, their effect on mitotic resumption, which occurs during the first few days after birth, has yet to be evaluated. In this study we employed testis fragment cultures as a model system and show that activin, follistatin, and FSH exert distinct effects on germ cells and Sertoli cells. In addition, we show that production of the inhibin/activin subunits and follistatin in germ cells is developmentally regulated. Our results indicate that the coordinated actions of activin and its antagonists, follistatin and inhibin, may govern the progression of early testis development in the presence of FSH.
MATERIALS AND METHODS

Animals and Fixed-Tissue Preparation
Male Sprague-Dawley rats ranging from day 18.5 postcoitum (dpc) to day 9 postpartum (dpp) were obtained from Monash University Central Animal Services. The rats were killed by decapitation before testis removal. All investigations conformed to the NHMRC/CSIRO/AAC Code of Practice for the Care and Use of Animals for Experimental Purposes and were approved by the Monash University Standing Committee on Ethics in Animal Experimentation.
For immunohistochemistry and in situ hybridization analysis of testes at various ages, the testes were fixed for 5 h in Bouin's fixative immediately upon collection, dehydrated, and embedded in paraffin. Sections of 5 m were floated on diethyl pyrocarbonatetreated MilliQ water and dried onto slides (Superfrost Plus; Biolabs Scientific, Australia). Cultured testis fragments were transferred into Bouin's fixative for 5 h and washed into 70% ethanol. For stereological analysis, including detection of bromodeoxyuridine incorporation (see below), the fragments were embedded in methacrylate resin according to the manufacturer's specifications (Technovit 7100; Kulzer, Wehrheim, Germany) and cut to a thickness of 2 m (Leica RM2055 microtome). For immunohistochemical analysis, fragments were embedded in paraffin and sections of 5 m thickness prepared.
In Situ Hybridization
In situ hybridization using digoxigenin (DIG)-labeled cRNA was used to localize mRNAs encoding the activin ␤ A subunit and follistatin in rat testis sections. Plasmids containing cDNAs corresponding to 370 bp within the coding sequence of the mature rat ␤ A subunit protein (Mason et al., 1985) and to 267 bp within the follistatin coding sequence (Michel et al., 1990) were linearized and used to produce DIG-labeled cRNAs using procedures previously described (Meinhardt et al., 1998) . RNA polymerases T7 and SP6 (Promega Corp., Madison, WI) and DIG-labeled dUTP (Boehringer Mannheim Biochemicals, Box Hill, Victoria) were used to produce antisense and sense (negative control) cRNAs for each target sequence using protocols and reagents supplied with the DIGlabeling kit. In every experiment a negative control sample was included for each set of conditions tested.
The in situ hybridization procedure has been previously described (Meinhardt et al., 1998) . Briefly, sections were incubated in a humid chamber, with solutions applied to the sections under coverslips or slides placed in a tray immersed in a bath. Sections were dewaxed, rehydrated, and washed in 0.2 M hydrochloric acid for 20 min and incubated at 37°C in 1.0 g/ml proteinase K (in 50 mM EDTA and 100 mM Tris ⅐ HCl; Promega) for 30 min. The slides were washed in 0.2% glycine at 4°C, left for 10 min at room temperature, and then washed in 0.25% acetic anhydride, 0.1 M triethanolamine for 5 min. Sections were incubated for 2 h at 50°C with the prehybridization buffer [50% deionized formamide, 3ϫ sodium saline citrate (SSC; 1ϫ SSC contains 150 M sodium chloride and 150 M sodium citrate, pH 7), 1ϫ Denhardt's solution (0.02% each BSA, Ficoll, and polyvinylpyrrolidone), 0.2 M phos-phate buffer]. The optimal probe concentration was determined from final dilutions of 100 -200 ng/ml in the prehybridization buffer in the presence of 10% dextran sulfate (Pharmacia Biotech, Boronia, Victoria), 1 mg/ml yeast total RNA (Boehringer Mannheim), and 1 mg/ml herring sperm DNA (Promega). Probes were heated at 65°C for 5 min and then placed on the sections overnight at 50°C. Posthybridization washes from 2ϫ SSC to a final concentration of 0.1ϫ SSC were performed at 50°C. Sections were incubated in DIG blocking reagent (1 h; Boehringer Mannheim), and bound cRNA was detected using anti-DIG alkaline phosphataseconjugated antibody (1:1000 for 1 h; Boehringer Mannheim) and visualized with NBT-BCIP (One-Step; Pierce, Rockford, IL). Sections were counterstained with Harris' hematoxylin (Sigma Chemical Co., St. Louis, MO) and mounted under GVA Mount (Zymed Laboratories, South San Francisco, CA).
Immunohistochemistry
Immunohistochemistry was employed to localize the activin ␤A subunit, follistatin, and the inhibin ␣ subunit in rat testis sections and c-kit in testis fragment culture sections following standard protocols (Munsie et al., 1997) with minor modifications. Briefly, sections were dewaxed, rehydrated, treated with 0.3% hydrogen peroxide (5 min), and heated to 100°C in 50 mM glycine, pH 3.5, for 10 min. Slides were washed (2 ϫ 5 min) in Tris-buffered saline (TBS; 10 mM Tris, 150 mM NaCl, pH 7.6) between all subsequent incubations which were performed at room temperature in a humid chamber. A blocking solution was added for 20 min, consisting of either 5% normal serum diluted in TBS/0.1% BSA (TB) or TBS/ 2%BSA/0.1%Triton X-100 (TBT) or blocking reagent (DIG block; Boehringer Mannheim). Primary antibodies were diluted in either TB or TBT and incubated overnight. Two different rabbit polyclonal antisera were used for immunolocalization of follistatin, JM19 and 202, with qualitatively identical results (diluted 1:500; Meinhardt et al., 1998 ). An affinity-purified sheep polyclonal serum was used to detect the inhibin ␣ subunit (No. 41C diluted 1:500; Robertson et al., 1997) . A monoclonal antibody was used to localize the activin ␤ A subunit (E4 at 2 g/ml; kindly supplied by Professor Nigel P. Groome, Oxford Brookes University). The specificity of this antiserum when applied to testis has previously been documented (Jarred et al., 1999) . The c-kit protein was detected using an affinity-purified rabbit polyclonal antibody (3 g/ml; Santa Cruz Biotechnology, Inc; Santa Cruz, CA). Incubation with 1.28 g/ml biotinylated secondary antibodies diluted in TB or TBT (sheep anti-mouse, sheep anti-rabbit, or rabbit anti-sheep; Silenus, Hawthorn, Victoria) proceeded for 30 min, followed by incubation with 2.68 g/ml streptavidin-horseradish peroxidase (SA-HRP; Silenus) for 30 min. Antibody binding was visualized using hydrogen peroxide-activated 3Ј,3Ј-diaminobenzidine tetrahydrochloride (DAB; 2.13 mg/ml in TBS; Sigma Chemical Co.). Sections were counterstained with Harris' hematoxylin and mounted under DPX (BDH Laboratory Supply, Poole, England). In each experiment a negative control was performed for each testis age, in which the primary antibody was omitted.
As a means of enumerating cellular proliferation in cultured testis fragments, cells which had incorporated bromodeoxyuridine (BrdU) during the last 6 h of the culture period were detected in methacrylate-embedded tissue sections using the following modifications to the immunohistochemical procedure outlined above. Following rehydration, the slides were rinsed in dH 2 O, treated with H 2 O 2 for 5 min, and then incubated in 1 M HCl for 10 min at 60°C.
The sections were next treated with 0.1% trypsin (Sigma Chemical Co.) for 20 min at room temperature. A monoclonal mouse anti-BrdU antibody (15.6 g/ml in TB; Sigma Chemical Co.) was used to detect BrdU and antibody binding visualized using SA-HRP and DAB as described above.
Testis Fragment Culture
Upon removal from decapitated 3-day-old male rats, testes were decapsulated and cut into four fragments each of about 1 mm 3 for culture (Boitani et al., 1993) . Fragments from each animal were placed onto slabs of 4% agarose (Promega; molecular biology grade) over steel grids in a 24-well culture plate. Samples from individual animals were placed in separate experimental groups and cultured with Dulbecco's minimum essential medium (DMEM; Gibco, Gaithersburg, U.S.A.) supplemented with ovine FSH (200 ng/ml; NIH S-17, NIADDK), human recombinant activin (100 ng/ml; Robertson et al., 1992) , or bovine follistatin (100 ng/ml; Robertson et al., 1987) singly or in combination. Each experimental group contained four to five individual fragments which were analyzed separately. The level of the medium was adjusted to reach the agarose and wet but not submerge the fragments (1.5 to 2 ml per well) during culture at 32°C (5% CO 2 in air). For the 3-day cultures, half of the medium was replaced after 36 h. Six hours prior to the completion of the culture, bromodeoxyuridine (100 M; Sigma) was added, and after a total of either 24 or 72 h of culture, the fragments were transferred into Bouin's fixative and processed as described above.
Analysis of Developmental Changes
Stereological analysis was performed on an Olympus BX50 System Microscope (Olympus, Denmark) as previously described (Schlatt et al., 1999) . The image was captured using a Phillips video camera and viewed on a Pentium 90 computer system. Analysis was achieved using the software package CAST Grid V1.09 (The Computer Assisted Stereological Toolbox; Olympus). Counting fields of 14,565 m 2 were superimposed onto the image, with a constant x and y interval obtained between each counting field using a motorized stage. Both Sertoli and germ cells in 40 fields were analyzed from each of four to five fragments from every treatment group per experiment. Data were analyzed from three or six separate experiments for each treatment group. Sections for analysis were collected at Ն20-m intervals to avoid sampling the same cell twice. The total number of cells sampled per treatment group in each experiment ranged from 1008 to 8598 for Sertoli cells and from 50 to 233 for germ cells (Table 1) . Parameters of testis development analyzed included Sertoli cell proliferation, seminiferous tubule diameter, and germ cell numbers.
Sertoli cell proliferation was measured as the percentage of BrdU-immunopositive cells in methacrylate-embedded tissue sections. Seminiferous tubule diameter was measured as the average of the short axes of 20 rounded tubules per section (Berndtson et al., 1989) . Changes in the germ cell populations were analyzed by counting the nuclei of the two germ cell types present, gonocytes and spermatogonia. Gonocytes were easily identified as relatively large circular to ovoid cells, centrally located within the epithelium, while the more mature spermatogonia were recognized as ovoid and slightly elongated cells appearing to contact the basement membrane (Clermont and Perey, 1957; Russell et al., 1990; McCarrey, 1993) . The nuclei of these germ cells also have a distinctive morphology, with one to several globular nucleoli (Vergouwen et al., 1991) . The identity of the germ cells as distinct from Sertoli cells was confirmed in sections from paraffinembedded fragments using an antibody to c-kit.
Statistical significance between control and experimental groups was determined by the one-way ANOVA using Newman-Keuls multiple comparison test. Significance was determined at the level P Ͻ 0.05. Data in figures are presented as means Ϯ standard error, and graphs were produced using Graph Pad Prism Version 2. Different superscripts (lowercase letters) in Table 1 and Figs. 1 and 2 indicate statistically significant differences (P Ͻ 0.05) between data point means.
RESULTS
Effects of Activin A, FSH, and Follistatin on Testis Fragments after 3 Days of Culture
Within the counting field of 14,565 m 2 , activin A significantly increased the number of gonocytes compared to the medium-only (DMEM) control after 3 days of culture, and this is reflected in the fourfold increase in germ cell to Sertoli cell ratio (Table 1 and Fig. 1A) . No other treatment produced a significant change in gonocyte numbers. The number of spermatogonia per counting field was significantly increased when follistatin and FSH were added together, while the other treatments had no effect on the number of these cells counted.
In contrast to its stimulatory effect on gonocyte numbers, activin treatment for 3 days resulted in a 3-fold drop in Sertoli cell number per field compared to the control group (Table 1) . Follistatin on its own elevated the Sertoli cell numbers per field (1.3-fold), and it partially reversed the inhibitory effect of activin. FSH caused a decrease in the Sertoli cell numbers per field, except in the presence of activin, in which the combination caused a slight but significant elevation.
Activin A and follistatin significantly decreased BrdU incorporation into Sertoli cell nuclei relative to the DMEM control group (Table 1 and Fig. 1B) . When activin and follistatin were added together to the culture, their inhibitory effect was abolished and the BrdU incorporation level was similar to the DMEM control. FSH produced a significant stimulation of BrdU incorporation into Sertoli cell nuclei when alone or in combination with activin A, follistatin, or both of these.
Treatment with activin A and follistatin resulted in significantly lower seminiferous cord diameters compared to the DMEM control group (Table 1) . Fragments cultured with FSH in any combination showed no significant difference in cord diameter relative to the control.
Effects of Activin A on Testis Fragments after 1 Day versus 3 Days of Culture
We wondered whether the threefold increase in germ cell to Sertoli cell ratio in the activin-treated group was due to the threefold drop in Sertoli cell number. This was addressed by comparing the effects of activin on each of these cell types after both 1 and 3 days in culture in the same experiment (Fig. 2) . 
FIG. 1.
Results obtained after culture of 3-dpp rat testis fragments for 3 days with activin A, follistatin, and FSH, alone or in various combinations. The data are the means of four or five fragments from each treatment group, from three to six independent experiments. Errors bars indicate the SEM. Statistically significant differences (P Ͻ 0.05) are indicated by distinct superscripts. (A) Ratio of germ cells to Sertoli cells expressed as a percentage. Statistically significant differences are indicated by different letters (lowercase for gonocyte to Sertoli cell ratios, uppercase for spermatogonium to Sertoli cell ratios). A significant increase in the gonocyte to Sertoli cell ratio was present in fragments treated with activin, while the combination of FSH and follistatin yielded a significant increase in the spermatogonium to Sertoli cell ratio. (B) Sertoli cell labeling index measured as the percentage of BrdU-positive Sertoli cells. Both activin A and follistatin significantly decreased Sertoli cell proliferation relative to the DMEM-only control group, while their combined application did not. All fragments treated with FSH had a significantly higher labeling index.
Activin A significantly increased the germ cell to Sertoli cell ratio by 2.5-fold after 1 day in culture ( Fig. 2A; 8 .0 Ϯ 1.8 with activin, 3.2 Ϯ 0.3 in DMEM-only control). A further increase (3.8-fold) was observed after 3 days (10.6 Ϯ 1.1) compared to the control (2.8 Ϯ 0.2). The addition of activin plus follistatin restored this ratio to the control levels after both 1 and 3 days of culture (3.9 Ϯ 0.3, 3.3 Ϯ 0.2, respectively). No spermatogonia were observed after 1 day of culture in any treatment group.
Despite the increased germ cell to Sertoli cell ratio after 1 day in culture, the number of Sertoli cells per counting field was unchanged (Fig. 2B) , demonstrating that an increase in germ cell number occurs independent of a change in the number of Sertoli cells. The total number of Sertoli cells per field was decreased by activin A only after 3 days in culture (14.7 Ϯ 0.4) compared to the DMEM-only control (46.2 Ϯ 0.9), and this effect was reversed by the combination of activin A and follistatin (42.6 Ϯ 0.9).
Although there was no effect of activin on Sertoli cell number after 1 day in culture, activin significantly decreased BrdU incorporation into Sertoli cell nuclei (2.0 Ϯ 0.2) relative to the control group (4.0 Ϯ 0.3; Fig. 2C ). This was reflected in the lower number of Sertoli cells per field on day 3 of culture in the activin-treated group relative to the control. Once again, follistatin reversed the inhibitory effect of activin A on BrdU incorporation.
Expression of the Activin ␤ A Subunit mRNA and Protein
The ␤ A mRNA was observed within the rat testis seminiferous cords at 18.5 dpc (Figs. 3(1A) and 3(1E) ), 21.5 dpc (Figs. 3(1C) and 3(1F) ), and day 0 (data not shown). The ␤ A mRNA was detected in Sertoli cells at all ages, but it's expression in gonocytes varied depending on the age examined. In the 18.5-dpc testis, dark rings around the gonocyte nuclei indicated the presence of the ␤ A mRNA in the gonocyte cytoplasm (Figs. 3(1A) and 3(1E) ). In subsequent ages (21.5 dpc through 3 dpp) gonocyte staining was clearly absent (Figs. 3(1C) and 3(1F) ). Staining was absent in the negative controls (Figs. 3(1B) and 3(1D) ).
Immunostaining for the ␤ A subunit protein appeared in a consistent pattern within Sertoli cells of the seminiferous cords in all ages examined, 18.5 dpc through to 9 dpp ( Fig.  3(2) ). Staining was observed within the cytoplasm of fetal and postnatal gonocytes (Figs. 3(2C) and 3(2E) ). The gonocytes showed a spectrum of staining patterns from intense to none, even between adjacent gonocytes within the same cords (Fig. 3(2C) ). Reduced or no immunoreactivity was observed within spermatogonia ( Fig. 3(2F) ). The ␤A subunit was also detected within the cytoplasm of some interstitial fetal Leydig cells (Fig. 3(2E) ). Staining was also observed in peritubular cells, blood vessels, extracellular matrix, and a subset of interstitial cells, possibly macrophages. No signal was detected in the absence of primary antibody (Figs. 3(2B) and 3(2D)). 
Expression of Follistatin mRNA and Protein
Follistatin mRNA was detected in Sertoli cells at all ages examined (Fig. 4(1) ). This mRNA was absent from gonocytes at 21.5 dpc (Figs. 4(1A) and 4(1I)) and day 0 (Fig. 4(1B) ), but it was clearly observed within the cytoplasm of most germ cells at 3 and 9 dpp (Figs. 4(1C) , 4(1D), and 4(1J)). No signal was present in the sense control samples (Figs.  4(1E)-4(1H) ).
The follistatin immunostaining pattern was qualitatively similar with both polyclonal antisera, and staining was observed at all ages (Fig. 4(2) ). Relative to the interstitial region, only a faint follistatin protein signal was present inside Sertoli cells (Figs. 4(2A) , 4(2B), and 4(2D)), with a more pronounced honeycomb pattern of staining outlining the cells within the seminiferous cords particularly evident in the 7-dpp testis (Fig. 4(2D) ). In addition, follistatin protein was detected within germ cells at 3 dpp (Figs. 4(2A) and 4(2B)), but the staining intensity was quite variable between spermatogonia at 7 dpp (Fig. 4(2D) ). The negative controls had no stain (Fig. 4(2C) ).
Binding of the follistatin antisera was readily observed within the interstitium at all ages examined (Figs. 4(2A) , 4(2B), and 4(2D)), in which the interstitial cells, including fetal Leydig cells, appeared to be surrounded, but not stained by the immunoreactive material.
Immunolocalization of the Inhibin ␣ Subunit Protein
The inhibin ␣ subunit protein was observed only within Sertoli cells in the seminiferous cords and in interstitial fetal Leydig cells at all ages examined (Figs. 4(2E) ). No immunoreactivity was detected in germ cells or in the negative controls (Fig. 4(2F) ).
DISCUSSION
This study provides evidence that activin, follistatin, and FSH regulate germ cell maturation during the period when gonocytes resume mitosis to form the spermatogonial stem cell and differentiating germ cell populations. In both 1-and 3-day cultures of testis fragments, we observed that treatment with activin produced a significantly higher ratio of germ cells to Sertoli cells, an effect that was reversed by the activin binding protein follistatin and by FSH. In contrast, treatment with the combination of follistatin and FSH increased the number of the more mature germ cell type, spermatogonia. The developmentally regulated expression of activin and follistatin that we observed suggests that they play a vital role in the transition of gonocytes to spermatogonia.
These observations raise the possibility that locally produced activin can stimulate gonocyte proliferation immediately after birth in the rat testis, at the time when these cells are reentering the cell cycle and differentiating to form precursor and committed spermatogonial cells. Other studies have demonstrated that activin has an inhibitory effect on male germ cell proliferation at earlier developmental stages. In one study of fetal rat testis development, activin reduced uptake of [ 3 H]thymidine in organ cultures of 14-dpc (but not 15-or 18-dpc) rat testis (Kaipia et al., 1994) . More recently, both activin and TGF␤ were shown to abrogate murine primordial germ cell proliferation in primary cultures , with a substantially enhanced inhibition observed using postmigratory compared to premigratory germ cells. In another study, the addition of TGF␤s to fragment cultures of fetal and neonatal rat testes for 2 days decreased the number of gonocytes relative to the control samples (Olaso et al., 1998) during the time points when these cells were dividing. TGF␤ was shown to increase the incidence of gonocyte apoptosis in the fetal testis using the TUNEL method.
In the present study, the increased number of germ cells adjacent to the basement membrane in the cultures treated with both FSH and follistatin demonstrates that this specific combination can have a powerful influence on germ cell maturation. The apparent movement of germ cells to the tubule periphery in these cultures is a feature of gonocyte maturation in vivo that occurs between 3 and 5 dpp Orth, 1989, 1992) . This effect was reversed in the presence of activin, supporting the concept that a changing balance between activin and follistatin can influence this process. It is interesting to consider what mechanisms may be influenced by these factors. Follistatin binds irreversibly to activin and neutralizes its activity (Shimonaka et al., 1991; Krummen et al., 1993; de Winter et al., 1996) , so we hypothesize that follistatin acts in these cultures to reduce the influence of activin on gonocytes. FSH must act through its receptors on Sertoli cells (Heckert and Griswold, 1991; Bockers et al., 1994; Baccetti et al., 1998) . FSH is known to upregulate stem cell factor synthesis (Rossi et al., 1993) , and this may promote gonocyte migration and maturation, as it appears to do at other stages of germ cell development (reviewed in Loveland and Schlatt, 1997) . FSH also stimulates Sertoli cell inhibin ␣-subunit production (Toebosch et al., 1988; Morris et al., 1988; Bicsak et al., 1987; Bhasin et al., 1994) , which may cause a shift from activin to inhibin production in these cells, but would not be expected to alter FSH synthesis (Michel et al., 1993) . Overall, the maturation of gonocytes to form spermatogonia could result from the combined effects of follistatin and inhibin as activin antagonists, with FSH as the stimulus for stem cell factor and inhibin production, thus producing effects on both germ cells and Sertoli cells that enable germ cell maturation.
Evidence for regulation of activin, inhibin, and follistatin production at the commencement of spermatogenesis was shown using both in situ hybridization and immunohistochemistry. The activin ␤ A subunit mRNA and protein were detected within the gonocyte cytoplasm during fetal development (18.5 dpc), in agreement with the immunolocalization of ␤ A protein in the gonocytes of fetal sheep (Jarred et al., 1999) . Despite the apparent loss of ␤ A mRNA from gonocytes prior to birth, the protein was detected in germ cells through the time of their transformation into spermatogonia, around 3 dpp. The activin ␤ A signal detected in gonocytes of the 3-day-old testis varied from cell to cell, which might reflect a physiological function for varying levels of activin at different stages of germ cell maturation.
It is possible that gonocytes which express high levels of activin A are maintained within the tubule center, while those with lower levels are preparing to move to the tubule perimeter. Though not addressed by the methods employed in this study, quantitative changes in Sertoli cell production of activin ␤ A subunit, inhibin ␣ subunit, or follistatin might also influence their capacity to support gonocytes. Thus the regulated synthesis of each of these factors may contribute to establishment of proper germ cell and Sertoli cell numbers in the early postnatal testis.
We hypothesize that reduction of activin bioactivity is required for the onset of spermatogenesis in the early postnatal testis. This is supported by the observation that, for both mRNA and protein, the patterns of follistatin and activin expression in germ cells were complementary at the time when gonocytes were forming stem cells and spermatogonia. Activin ␤ A protein in germ cells diminished after birth, while follistatin protein appeared, suggesting that this change in protein production is a critical step driving the differentiation of germ cells. It was recently demonstrated that cell-associated follistatin reduced receptor-mediated signaling by exogenous, but not endogenous, activin in the ovarian PA-1 cell line (Delbaere et al., 1999) . In germ cells, the endogenous production of first activin and then follistatin shortly after birth may specify their developmental program, either augmenting or even superceding the paracrine effects of Sertoli cell-derived factors.
The culture system we employed has been used previously to document Sertoli cell proliferation (Boitani et al., 1995; Hu et al., 1999; Schlatt et al., 1999) . In the present study, the stimulatory effect of FSH on BrdU incorporation by Sertoli cells dominated the effects of the other added factors, and it correlates with the previously documented role for FSH as a critical factor regulating Sertoli cell division (Orth, 1984; Meachem et al., 1996; reviewed in Sharpe, 1994) . In the absence of FSH, however, we observed a negative influence of either activin or follistatin on Sertoli cell proliferation relative to the medium-only control. The inhibitory effect of either activin or follistatin was reversed (1A, 1E, 1I ) 21.5-dpc rat testis; (1B, 1F) day 0; (1C, 1G, 1J) 3 dpp; (1D, 1H) 7 dpp. (1A-1D, 1I, 1J) Antisense cRNA probe hybridization; (1E-1H) sense cRNA hybridization. The absence of follistatin mRNA in gonocytes is observed as a clear cytoplasmic ring at 21.5 dpc (1A, 1I) and at birth (1B), while germ cell staining at 3 dpp (1C, 1J) and at 7 dpp (1D; germ cells are now spermatogonia) is clearly evident as a dark purple stain around the nucleus. Sertoli cell staining was observed at all ages. Sense controls at all ages showed no staining. (2) Immunohistochemical localization of follistatin and inhibin ␣ subunit protein. (2A, 2B, 2C , 2E, 2F) 3-dpp rat testis; (2D) 7-dpp rat testis. (2A, 2B, 2D) Follistatin localized using polyclonal antiserum 202; (2C) no primary antibody control section. In the 3-dpp rat testis, discrete patches of staining were apparent in the gonocyte cytoplasm (2A, 2B), but were otherwise excluded from the cord. Interstitial staining appeared fibrous and extracellular at all ages examined. In the 7-dpp rat testis, spermatogonial staining for follistatin was variable (2D; arrows), while staining between adjacent Sertoli cells produced a honeycomb pattern. (E) Inhibin ␣ detected using No. 41C polyclonal antibody on 3-dpp rat testis. Immunoreactive material was detected in Sertoli cells but excluded from gonocytes. (2F) No primary antibody control section for 2E. when they were added simultaneously, indicating that this is a specific effect because of the known capacity of each of these proteins to neutralize the actions of the other. Addition of these exogenous factors to our cultures may antagonize an endogenous stimulatory factor that acts on Sertoli cells, possibly one that acts via activin receptors; this might involve other forms of activin, inhibins, or bone morphogenic proteins (reviewed in Massague, 1998) . Glial cell line-derived neurotropic factor has recently been demonstrated to stimulate division of rat Sertoli cells in the early postnatal period using a fragment culture model (Hu et al., 1999) , and this member of the TGF␤ superfamily represents an excellent candidate for fulfilling this role.
Detection of follistatin mRNA and protein within Sertoli cells was in agreement with previous reports (Kaipa et al., 1992; Meinhardt et al., 1998) . Localization of follistatin protein outside the seminiferous cords in the region of the basement membrane indicates that follistatin is secreted from the base of Sertoli cells, in agreement with its capacity to bind to heparin sulfate side chains on proteoglycans in the extracellular matrix (Nakamura et al., 1991) . In this position, it might antagonize activin's interactions with interstitial cells or with cells at the base of the seminiferous epithelium, such as spermatogonia or Sertoli cells. Germ cells migrating to the base of the cord may be exposed to higher levels of follistatin, and FSH could aid the migration of these cells into a position where this exogenous follistatin could be influential.
In conclusion, our studies document the highly regulated local production of activin and follistatin in developing germ cells and demonstrate the functional implications of these changes for Sertoli cell proliferation and germ cell maturation. The addition of FSH plus follistatin to testis fragment cultures appears to mediate progression of gonocytes into spermatogonia, further substantiating the combined influence of local and hormonal factors as mediators of early postnatal testis development. These results highlight the need to study combinations of factors that may mediate the transition from gonocytes to spermatogonia in the first days after birth in the rodent, a process that spans months to years in humans. The discrete changes in activin and follistatin described in this study emphasize the need for further detailed analysis of the changes in growth factor and receptor production during the first wave of spermatogenesis to understand their role in the regulation of germ cell and somatic cell fate.
